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ABSTRACT: 15 
This paper focuses on the mechanical behaviour of aluminium alloy 2024-T351 under impact loading. 16 
This study has been carried out combining experimental and numerical techniques. Firstly, 17 
experimental impact tests were conducted on plates of 4 mm of thickness covering impact velocities 18 
from 50 m/s to 200 m/s and varying the stress state through the projectile nose shape: conical, 19 
hemispherical and blunt. The mechanisms behind the perforation process were studied depending on 20 
the projectile configuration used by analyzing the associated failure modes and post-mortem 21 
deflection. Secondly, a numerical study of the mechanical behaviour of aluminium alloy 2024-T351 22 
under impact loading was conducted. To this end, a three-dimensional model was developed in the 23 
finite element solver ABAQUS/Explicit. This model combines Lagrangian elements with Smoothed 24 
Particle Hydrodynamics (SPH) elements. A good correlation was obtained between numerical and 25 
experimental results in terms of residual and ballistic limit velocities.  26 
KEYWORDS:  27 
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 29 
Highlights 30 
•    The ballistic limit for different projectile shapes has been determined. 31 
•    Different failure modes have been observed depending on the stress state associated to 32 
projectile shape. 33 
•    Local effects were more important for conical and hemispherical nose projectiles. 34 
•    A 3D numerical model has been used to simulate the impact tests on plates. 35 
•    Good agreement has been found between experiments and FE simulations. 36 
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1. Introduction  37 
 38 
The impact-protective capacity of structural components has become a relevant requirement for the 39 
automotive and aerospace industries. Both energy absorption and crashworthiness concepts are 40 
essential for the development of new vehicles and aircraft. In such applications, design challenges are 41 
focused on structural crashworthiness and light-weight vehicles. Accordingly, research on 42 
crashworthiness has managed to considerably reduce fatalities by 26% in the USA from 2005 to 2011 43 
[1]. 44 
 45 
Several studies have been carried out to study the impact behaviour of metallic plates. In this field, the 46 
research developed by Borvik and co-authors [2-4] and Gupta and co-authors [5-6] can be highlighted 47 
because of their relevance. Their work focused on mechanical variables that govern the penetration 48 
process, such as the target material, target dimensions, projectile nose shape and impact velocity. In 49 
this regard, the projectile-nose determines the stress state and its effect varies with several 50 
parameters such as the thickness of the target plate, impact velocity, target thickness to projectile 51 
diameter ratio and nose angle or nose radius of the projectiles [7-12]. However, there still remains a 52 
need for a systematic study of the influence of projectile nose shape on global deformations (plate 53 
deflection, bending and membrane stretching) and local deformations (ductile hole formation, 54 
petalling, plugging, rear bulging, discing, tensile tearing, thinning, shear banding and necking) of 55 
aluminium plates under impact loading. The study of energy absorption capacity on metallic plates can 56 
provide relevant information on the effects of local impacts on the global structural response.  This 57 
work focuses on the perforation process of a ductile plate of AA2024-T3 when it is subjected to an 58 
impact of a non-deformable projectile. To the authors’ knowledge, none of the previous impact and 59 
perforation studies of AA2024-T3 investigated the effect of the projectile shape on the material 60 
response, while keeping the same kinetic energy and boundary conditions. The new experimental data 61 
of residual velocities for AA2024-T3 presented in this study can be very useful and relevant especially 62 
for the design and optimization of protective structures. 63 
 64 
Finite Element Method (FEM) has been commonly used to simulate impact problems. This method 65 
provides models that predict residual velocities, ballistic limits and failure mechanisms depending on 66 
the projectile-target configurations [13-18]. Most of the previous studies did not focus on quantifying 67 
the amount of global and local energy absorption during the impact process. A common problem in 68 
FEM is the excessive element distortions encountered in dynamic loading simulations [19]. Element 69 
deletion approach could be used to erode highly distorted elements but presents inconsistencies and 70 
no physical fundamentals [20]. In order to minimize this problem, several authors [21-22] described 71 
the advantage of using adaptive meshing algorithm as an alternative technique for the analysis of 72 
plate-impact events. The scheme of the adaptive mesh available in some commercial FE software (e.g., 73 
ABAQUS [23]) combines the features of Lagrangian and Eulerian analyses which allows for obtaining a 74 
high mesh quality during the whole simulation. However, the adaptive remeshing technique is 75 
computationally expensive and can lead to numerical instabilities and unexpected termination of the 76 
simulation [24]. A mesh-free Smoothed Particle Hydrodynamics (SPH) technique presents several 77 
advantages over conventional FEM and can be also used for impact problems [25]. This avoids extreme 78 
mesh distortions in problems that involve impact and penetration. However, SPH technique 79 
encounters several difficulties in engineering problems such as tensile instability; difficulty in loading 80 
essential boundary condition and high computational cost. A new computational method has been 81 
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recently proposed to fill the gap between conventional FEM and models based on SPH. This method is 82 
based on a Lagragian mesh whose elements are converted into SPH elements when a conversion 83 
variable (strain, stress or any state variable) reaches a critical value. By this way, some distortion- and 84 
instability-related problems are avoided without introducing a too expensive computational cost. This 85 
approach assumes a rigid coupling between SPH particles and Lagrangian nodes at the interface zone 86 
[22;25-27]. The rigid interface definition, however, induces some problems, particularly at highly 87 
localized regions as discussed in detail by Zhang and co-authors [26]. This novel approach has been 88 
used to simulate high velocity impact computations [28], and is employed in this work for the 89 
numerical analysis. In addition to the advantages mentioned above, this method allows also for 90 
retaining the mass and mechanical properties of the elements converted into SPH particles. 91 
 92 
The main objective of this research is the analysis of failure mechanisms of aluminium alloy 2024-T531 93 
plates perforated by rigid projectiles of different nose shapes. Perforation tests were conducted using 94 
conical, hemispherical and blunt projectiles covering impact velocities from 50 m/s to 200 m/s. The 95 
experimental arrangement enables the determination of the impact velocity, the residual velocity and 96 
the failure mode of the aluminium plates. The experimental results were used to validate and identify 97 
the value of the mechanical variable that controls the conversion FEM- SPH method. Once the 98 
numerical model was validated with experimental data, it was used to analyse energy absorption 99 
mechanisms associated with the deformation and failure of the aluminium plates. In addition, both 100 
experimental and numerical techniques allowed for investigating the influence of impact velocity, 101 
target thickness and projectile nose shape on the failure mechanisms. The outcomes of this work 102 
provide new insights into the energy absorption and failure mechanisms behind the perforation 103 
process of AA2024 which allow for a better comprehension of its mechanical response under different 104 
impact conditions. The results presented herein provide new relevant information for the design of 105 
structures potentially subjected to impact loading such as aeronautical components. 106 
2. Experimental Program 107 
2.1 Material  108 
In the present investigation, the attention is focused on the mechanical behaviour of aluminium alloy 109 
(AA) 2024-T351. The principal applications of this material are aircraft structural components, wing 110 
tension members, hardware, truck wheels, scientific instruments, veterinary and orthopaedic braces 111 
and equipment, and in rivets because of its high strength, excellent fatigue resistance and good 112 
strength-to-weight ratio. The AA 2024 T-351 has been widely studied in terms of mechanical behaviour 113 
as well as ductile failure (see a previous work of Rodríguez-Millán and co-authors [29]), but its 114 
mechanical behaviour against impact loading has not been analyzed enough.  Prior to conducting the 115 
impact tests, some experiments were conducted under quasi-static conditions in order to verify the 116 
material used and its similarities with the one employed in previous published studies (see Appendix 117 
A). 118 




Perforation tests were conducted using a pneumatic gas gun to launch a projectile onto an AA 2024-121 
T351 plate specimen, see Figure 1. The maximum velocity of the projectile, denoted as impact velocity 122 
Vo, is reached at the end of the tube C. Both initial impact and residual velocities of the projectiles 123 
were measured during the impact tests using laser sensors attached to photodiodes and timers at D 124 
and F.  The maximum error on the velocity measurements between the two sensors was estimated 125 
around Δ?̅? ≈ 1 𝑚/𝑠. Further details of the experimental setup are provided in previous works [10;12]. 126 
In addition, the set-up E may be instrumented to measure the force impact or force perforation on 127 




Fig. 1: Scheme of experimental set up used for perforation test. 132 
 133 
The AA 2024-T351 specimens were clamped along four edges using a rigid support in order to reduce 134 
sliding effects during the test. This arrangement (screwing + clamping) has been discussed in previous 135 
works by the authors [10-11]. The active target area of the specimens was reduced to 136 
100 𝑚𝑚 × 100 𝑚𝑚  with a plate thickness of 4 mm, see Figure 2.  137 
 138 
 139 
Fig. 2: Geometry and dimensions of target. 140 
 141 
The tests were conducted using three types of projectiles released at different impact velocities up to 142 
𝑉0 ≈ 200 𝑚/𝑠:  The projectiles were made of a maraging steel with a heat treatment to reach a yield 143 
stress close to ?̅?𝑦 = 2 𝐺𝑃𝑎. The projectiles, independently of the nose shape configuration, present a 144 
maximum diameter 𝜙𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒𝑠 = 13 𝑚𝑚 and a constant mass of 𝑀𝑝 ≈ 30 𝑔. Their geometries and 145 




Fig. 3: Geometry and dimensions (mm) of the projectiles used in the perforation test: a) conical 148 
projectile; b) hemispherical projectile; and c) blunt projectile. 149 
 150 
The diameter of the projectiles was approximately equal to the diameter of the barrel to ensure a 151 
perpendicular impact on the aluminium plate. 152 
2.3 Experimental results 153 
2.3.1 Residual velocity 154 
Figure 4 shows the residual velocity versus impact velocity (𝑉𝑟 − 𝑉0) curves for the three different 155 
projectile-shapes considered. The ballistic limits (𝑉𝑏𝑙) were found to be 147.0 𝑚/𝑠, 148.8  𝑚/𝑠 and 156 
150.6 𝑚/𝑠 respectively for hemispherical nose, conical nose and blunt nose. This sequence of ballistic 157 
limits differs from previous results conducted on aluminium alloys AA 6082-T6 and AA 5754-H111 158 
(reported by Rodríguez-Millán and co-authors [12]).  159 
 160 
 161 
Fig. 4: Comparison of residual velocity 𝑉𝑟  versus impact velocity 𝑉0 between conical, hemispherical and 162 




The results shown in Figure 5 have been fitted via the expression proposed by Recht and Ipson [31] as 165 




𝜅 )1/𝜅        (1) 168 
 169 
where 𝜅 is a fitting parameter depending on the projectile shape that describes the trend of the 170 
relationship, determined as 𝜅 = 1.92 for the conical projectile;  𝜅 = 2.13 for the hemispherical 171 
projectile; and 𝜅 = 2.61 for the blunt projectile. 172 
 173 
Figure 5 illustrates the amount of energy absorbed by the target versus impact velocity 𝑉0 for the 174 
three projectile nose shapes considered. The energy absorbed by the plate, 𝐸𝑎 , was calculated using 175 




· 𝑀𝑝 · (𝑉0
2 − 𝑉𝑏𝑙
2 )        (2) 177 
 178 
The energy absorbed by the target is almost independent on the initial velocity when the plate is 179 
impacted by conical projectiles (within the range of velocities tested), see Figure 5. The same behaviour 180 
was observed in a previous work for other two aluminium alloys: AA 5754-H111 and AA 6082-T6 [12]. 181 
For the case of hemispherical projectiles, a slight variation in energy absorption with impact velocities 182 
can be noticed. In contrast, energy absorption sharply decreases as the impact velocity increases when 183 
the blunt projectile is used, see Figure 5.   184 
 185 
 186 
Fig. 5:  Energy absorbed by the target 𝐸𝑎 versus impact velocity 𝑉0 for conical, hemispherical and blunt 187 
projectiles. 188 
 189 
The different perforation mechanisms associated with the three nose-shaped projectiles considered 190 
explain the intersection shown in the 𝑉𝑟 − 𝑉0 curves (Figure 4) and in the  𝐸𝑎 −  𝑉0 curves (Figure 5). 191 
The larger ballistic limit of the blunt projectile is attributed to high yield stress of the AA 2024-T351, 192 
which enhances the critical impact velocity required for the shear bands formation. However, once the 193 
ballistic limit is exceeded, the energy consumed by this failure mechanism considerably decreases with 194 
impact velocity.  195 
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2.3.2 Failure mode 196 
The variation in energy absorption capacity with different projectile nose shapes can be related to the 197 
corresponding difference in deformation and failure modes as shown in Figure 6. In this regard, 198 
Kpenyigba and co-authors [11] observed that the failure strain depends on the stress state induced by 199 
the projectile shape.  200 
 201 
When using conical projectiles in the range of impact velocities considered, the failure process occurs 202 
following petalling mechanisms, see Figure 6a. Four petals were observed in these tests, what has been 203 
frequently reported for metals [12; 33-33]. Hemispherical projectiles, in contrast, led to a plate failure 204 
based on ductile hole enlargement, where the material in front of the projectile is pushed forward, see 205 
Figure 6b. Localised rear bulging with radial cracks and short petals was also observed. The plug ejected 206 
shows a diameter similar to the projectile; however, the diameter of the perforated hole was found to 207 
be smaller than the projectile’s due to elastic recovery (spring back behaviour). For the case of blunt 208 
projectile (Figure 6c), the failure mode of the plate was dominated by shear banding leading to the 209 
ejection of a circular plug at the final stage of the perforation. This circular plug presented a diameter 210 
equal to the projectile diameter. 211 
 212 
 213 
Fig. 6: Failure modes of the perforation process for the different projectiles: a) conical projectile, V=175 214 






The cross sections have been digitalized in order to analyze the global deformation. Figure 7 shows 217 
cross sections of plates at velocities close to the ballistic limit for the three different projectile nose-218 
shapes. For the same impact velocity, the global deformation (bending and membrane stretching) was 219 
higher when using the conical projectile configuration than for the other two configurations. However, 220 
in the case of the blunt projectile configuration, the local failure mechanisms were more energy 221 






Fig. 7: Cross sections of penetrated plates by: a) conical projectile, V=149 m/s; b) hemispherical 228 
projectile, V=147 m/s; and c) blunt projectile, V=151 m/s. 229 
 230 
In order to carry out a more extensive analysis of the problem, a numerical model is developed in next 231 
section providing more information about the deformation and failure processes.  232 
 233 
3. Numerical simulations 234 
3.1 Thermoviscoplastic material behaviour  235 
 236 
Although some authors have observed an anisotropic behaviour in AA 2024-T351 [34-35], its 237 
mechanical behaviour is commonly defined by isotropic material models and von Mises yield function 238 
[7,36]. Since the main objective of this work is to analyse the influence of triaxiality on the energy 239 
absorption capability and how it affects the failure mechanisms that govern the perforation process, 240 
the isotropic material definition adopted has been considered. In this regard, the thermoviscoplastic 241 
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material behaviour of AA 2024-T351 plates is defined by the Johnson-Cook (JC) model [37]. This 242 
hardening law defines the effective flow stress following the expression bellow, Eq. (3). The first term 243 
of Eq. (3) defines the strain hardening due to plastic deformation (𝜀̅𝑝) depending on the reference yield 244 
stress A and the material constants B and n. The second term accounts for strain rate sensitivity (𝜀̅̇𝑝) 245 
through the material parameter C and the reference strain rate 𝜀̅0̇. Regarding the third term, it 246 
captures the thermal softening on the material by the thermal sensitivity parameter m. 247 
?̅?(𝜀 ̅𝑝 , 𝜀 ̅̇𝑝, 𝑇) = [𝐴 + 𝐵(𝜀̅𝑝)𝑛] [1 + 𝐶 ln (
?̇̅?𝑝
?̇̅?0
)] [1 − Θ𝑚]     (3) 248 
 249 
Where Θ depends on the current temperature T, the melting temperature Tm and a reference 250 




          (4) 252 
The parameters of the constitutive equation were identified for AA 2024-T351 by Teng and Wierzbicki 253 
[36] and are provided in Table 1 with other physical properties. The Taylor-Quinney coefficient which 254 
defines the percentage of plastic work converted into heat, was taken equal to = 0.9 [38]. The initial 255 
temperature T0 was set to 293 K and the melting temperature Tm for this alloy is 775 K.  The density of 256 
the material is denoted by 𝜌 and 𝐶𝑝  is the specific heat at constant pressure.  257 
In addition, the numerical model implemented in this work takes into account the temperature 258 
evolution assuming adiabatic heating. This is computed along the deformation process through the 259 
expression [39]: 260 
Δ𝑇(𝜀̅𝑝, 𝜀 ̅̇𝑝, 𝑇) =
𝛽
𝜌𝐶𝑝
∫ ?̅?(𝜀 ̅𝑝, 𝜀 ̅̇𝑝, 𝑇) 𝑑𝜀̅𝑝
?̅?𝑝
𝜀𝑒 
      (5) 261 
 262 
Elasticity   Thermoviscoplastic behaviour     
𝐸(𝐺𝑃𝑎) 𝜈(−)  𝐴(𝑀𝑃𝑎) 𝐵(𝑀𝑃𝑎) 𝑛(−) 𝜀̅0̇ (𝑠−1) 𝐶(−) 𝑚(−) 
70 0.3  352 440 0.42 3.3 10-4 0.0083 1.7 
Other physical constants       
𝜌(𝑘𝑔/𝑚3) 𝛽(−) 𝐶𝑝(𝐽 𝑘𝑔 𝐾⁄ ) 𝑇0(𝐾) 𝑇𝑚(𝐾) 
2700 0.9 900 293 775 
 263 
Table 1: Properties of AA 2024-T351 and JC parameters [36]. 264 
3.2 SPH conversion criterion  265 
 266 
The original mesh of the numerical model has been defined using Lagrangian elements. These 267 
elements are converted into SPH particles when a “flag variable” reaches a critical value. In this work, 268 
the equivalent plastic strain has been selected as the mechanical variable controlling the FEM-SPH 269 
conversion. The features of the model (initial, boundary conditions and contact interactions) are 270 
transferred appropriately when SPH particles are generated. The main advantage of the conversion 271 
approach over the SPH formulation is the reduction in the computational cost. 272 
Therefore, a critical value of the equivalent plastic strain implies the conversion of the Lagrangian 273 
element into a sphere ε̅p ≥ ε̅crit
p . Once the conversion of the elements is reached, due to the nature 274 
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of the impact problem, the SPH particles overpass the boundaries of their action domain leading to 275 
failure. The boundaries of this action domain are defined by a characteristic length that, if is small 276 
enough, allows the assumption of considering the conversion criterion as the failure one. The critical 277 
equivalent plastic strain is then directly related to failure and was found to vary with the nose shape 278 
of the projectiles. This suggests a dependence of ε̅crit
p
 on stress state. Then, the general form of this 279 
type of conversion strain can be expressed as Eq. (6): 280 
ε̅crit
p
= 𝑓(𝜂)          (6) 281 
Where 𝜂 is the stress triaxiality defined by the ratio of the mean stress 𝜎𝑚 to the equivalent stress ?̅?.  282 
This conversion criterion model based on the level of failure strain is often used in dynamic problems 283 
[14-16].  According to several works [11, 36], the average value of the stress triaxiality can be slightly 284 
approximated just before the failure of the target for each projectile studied. Then, the triaxiality 285 
values have been determined from the components of the stress tensor in the elements of the failure 286 
zone prior to perforation. 287 
 288 
The critical values listed in Table 2 were identified for AA 2024-T351 based on an optimization process 289 
for the whole range of impact velocities considered depending on the projectile shape. The numerical 290 
optimization process minimized the error on the residual velocity with experiments.  Figure 8 shows a 291 
comparison between the critical strain values obtained in this work and the failure strain values in a 292 
recent work of the authors [29], presenting good agreement between both results.  These results 293 
provide validity of failure strain values employed in the present work. In addition, the numerical model 294 
provides faithfully predictions of postmortem deflections of the plates with respect to experiments. It 295 
can be concluded then, that the material failure during the perforation process is governed by 296 
irreversible deformation mechanisms that depend on the triaxiality value associated to each projectile 297 
shape.  298 
 299 
Projectile shape Conical Hemispherical Blunt 
ε̅crit
p
 0.21 0.2 0.33 
 300 








Fig. 8: Comparison of failure strain values between this work and data provided by Rodriguez-Millan 304 
and co-authors [29]. 305 
3.3 Mesh definition and boundary conditions used in numerical simulations  306 
The numerical simulations of the impact problem were carried out using the commercial software 307 
ABAQUS 6.12/Explicit. The geometry of the targets and projectiles is the same as used in experiments. 308 
The mesh of the target plate included a total number of 264100 nodes and 242500 elements, see 309 
Figure 9. A total number of 12 elements were defined along the 4 mm thickness as recommended by 310 
Rodríguez-Martínez and co-authors [9]. The mesh was divided into three different zones as follows 311 
(see Figure 9):   312 
 313 
• Zone A covers the contact region between the projectile and the target. The diameter of this 314 
region is similar to the diameter of the projectile. A mesh with 34900 eight-node brick hexahedral 315 
elements with one integration point, C3D8R in ABAQUS notation [23], was defined. These 316 
elements may be converted into SPH (PC3D elements). 317 
• Zone B covers the transition region between the fine mesh zone (centre of target) and coarse 318 
mesh zone (boundary of target). The zone is defined by 44500 eight-node brick hexahedral 319 
elements with one integration point, C3D8R in ABAQUS notation [23]. These elements may also 320 
be converted into SPH (PC3D elements). 321 
• Zone C covers the region that is located sufficiently far from the zone directly affected by the 322 
impact. This zone was meshed using 163150 hexahedral elements, C3D8R.  323 
 324 
 325 




The projectiles were modelled with a nominal mass and a maximum diameter of 30 g and 13mm 328 
respectively. The projectile was defined as an analytical rigid body since experimental tests revealed 329 
no plastic deformation on the projectile-surface after impact. This definition allows for reducing the 330 
computational cost required in the simulations. A friction coefficient equal to 0.1 was used to define 331 
the contact between the projectiles and the plate, as done by several other authors [2,6,9,21,32]. 332 
4. Numerical results and comparison with experimental data 333 
4.1  Residual velocity  334 
 335 
A comparison between experimental and numerical results in terms of residual versus impact 336 
velocities for different projectile nose shapes was carried out, see Figure 10. The use of a mesh density 337 
of 12 elements along the plate thickness was enough to simulate the perforation experiments 338 
accurately. The model provides a good correlation between numerical and experimental residual 339 
velocities depending on the impact velocity for the projectile shape configurations considered. 340 
 341 
a)                                                                                    b) 342 
 343 
                                               c) 344 
Fig. 10: Comparison of residual velocity 𝑉𝑟  versus impact velocity 𝑉0 between experiments and 345 
numerical simulations for: a) conical projectile; b) hemispherical projectile; and c) blunt projectile. 346 
 347 




4.2 Failure Mechanism 350 
 351 
Figure 11 shows the perforation process for the three projectile configurations at three different 352 
stages. It can be observed that the largest density of SPH elements (converted from FEM) occurred 353 
when using the conical projectile nose.  354 
 355 
 356 
Fig. 11: Details of SPH element conversion and deformation behaviour of targets impacted at v=170 357 
m/s by: a) conical; b) hemispherical; and c) blunt projectiles. (For the sake of clarify, the projectiles are 358 
not displayed at t=0.080 and t=0.100 ms) 359 
 360 
Different failure modes have been observed during the perforation tests. Figure 12 presents a 361 
comparison between experiments and numerical simulations in terms of permanent plate bending for 362 
two impact velocities: 150 m/s and 180 m/s. The y-axis corresponds to the normalized displacement 363 
of the impacted plates w/t (where w is the out-of-plane displacement and t is the target thickness); 364 
and the x-axis represents the normalized target length. The numerical model provides better 365 
predictions for impact velocities above the ballistic limit. The following general observations were 366 
drawn from this analysis.  367 
 368 
• For all projectile configurations, the deflection is maximum at velocities close to the ballistic 369 
limit. This behaviour is in agreement with the observed in other aluminium alloys [12].  370 
• In the case of the blunt projectile configuration, the model predictions of the plate deflection 371 
are better than for the other two configurations. This can be explained by the predominance 372 
of the global mechanism -bending- on the deformation process. 373 
     
𝑡 = 0.025 𝑚𝑠
= 2.5 10−3𝑠 
𝑡 = 0.050 𝑚𝑠
= 2.5 10−3𝑠 
𝑡 = 0.080 𝑚𝑠
= 2.5 10−3𝑠 
𝑡 = 0.100 𝑚𝑠




a)                                                                                    b) 375 
 376 
c)                                                                                    d) 377 
 378 
e)                                                                                   f) 379 
Fig. 12:  Dimensionless post-mortem deflection of the plates as a function of the normalized target 380 
length for: (a) conical nose at V0 ∼ 150 m/s; (b) conical nose at V0 ∼ 180 m/s ; (c) hemispherical nose 381 
at V0 ∼ 150 m/s; (d) hemispherical nose at V0 ∼ 180 m/s; (e) blunt nose at V0 ∼ 150 m/s; and (f) blunt 382 
nose at V0 ∼ 180 m/s. 383 
4.3 Energy absorption capacity  384 
The total energy absorbed can be understood as the contribution of global and local deformations 385 
contributions. The present numerical modelling is necessary to develop a careful analysis of the energy 386 
absorbed by the plate within the impact velocity range considered. Thus, the target was modelled as 387 
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a local part (zone A in Figure 9) and a global part (zone B and C in Figure 9) with identical material 388 
properties. This allows for studying global versus local energy absorptions during penetration. In this 389 
work, the local energy absorption is associated with local failure mechanisms (shear, petalling and 390 
plugging); and the global energy absorption is associated with deformation mechanism (general 391 
bending). 392 
 393 
The sensitivity of global (EG), local (EL), deformation (ED) and absorption (EA) energies to impact velocity 394 
is assessed for all projectiles, see Figure 13. The energy absorbed is defined as the difference between 395 
the initial and final kinetic energy, Eq. (2). The global energy (EG) is the sum of internal energy of the 396 
elements of zones B and C (Figure 9), while the local energy (EL) is the same sum but for the elements 397 
of the local region (zone A in Figure 9). The deformation energy 𝐸𝐷 = 𝐸𝐺 + 𝐸𝐿 is defined by the sum 398 
of local and global energies.  399 
 400 
For all nose shapes, it is remarkable that the local energy slightly increases while the global energy 401 
decreases with impact velocity. These results suggest that impact velocity is the variable that governs 402 
the main deformation mechanisms. As this variable increases, a progressive change can be observed 403 
from a global mechanical resistance to deformation associated with the overall response of the 404 
structure as a whole, to a local mechanical resistance associated with local deformation and failure 405 
mechanisms such as shearing, plugging or petalling. In addition, the global to local energy transition 406 
has been found to depend on the projectile nose shape and, therefore, on the triaxiality and failure 407 
mechanisms associated. For the case of blunt projectile, the thickness of plug is similar to the plate 408 
one.  According to previous work [21], the adiabatic shear bands (ASB) velocity is faster than the initial 409 
impact velocity, inducing a failure by ASB propagation and obtaining local energy higher than global 410 
energy as demonstrated in Figure 13. In this regard, plugging mechanism associated with type of 411 
projectile shows the sharpest energy transition. Moreover, the evolution of these energies revealed 412 
15% to 20% differences between absorption energy and deformation energy for the three projectile 413 
configurations. Although some cracks propagate reaching zone B, the energy consumed in this region 414 
due to such effects can be neglected with respect to the energy associated to local energy in zone A. 415 
This issue has been analysed by varying the relative dimensions of both zones in order to keep the local 416 
cracks into zone A. The dimensions used in this work are consistent for the different configurations 417 
used in terms of energy evaluation. 418 
 419 






                                              c) 424 
Fig. 13:  Numerical prediction of the evolution of global, local, total and absorption energies versus 425 
impact velocity for: a) conical; b) hemispherical; and c) blunt projectiles. 426 
 427 
It can be also observed from Figure 13, that there is a velocity at which the global energy is equal to 428 
the local energy; defined here as neutral velocity. For the sake of clarity, a bar chart comparison 429 
between ballistic limit and neutral velocity for the three projectiles is presented in Figure 14. The 430 
ballistic limit and neutral velocity seems to be dependent on projectile shape-nose. In this regards, 431 
blunt projectile exhibits higher ballistic limit and neutral velocity than conical and hemispherical 432 




Fig. 14:  Differences between ballistic limit and neutral velocity for conical, hemispherical and blunt 435 
projectile. 436 
 437 
The observations mentioned above, reinforce the idea that the impact energy is absorbed by a 438 
combination of local and global deformation mechanisms. It is also important to emphasize the need 439 
of developing reliable numerical models in order to obtain accurate predictions of the mechanical 440 
behaviour of materials under impact loading.  441 
5. Conclusions 442 
 443 
In this paper an experimental and numerical analysis of the influence of projectile geometry on the 444 
ballistic performance of 2024-T351 aluminium alloy is presented. Projectiles with conical, 445 
hemispherical and blunt nose shapes were considered. Residual velocities, failure mechanisms and 446 
energy absorption during and after impact were investigated at velocities up to 200 m/s. The 447 
conversion FEM-SPH method was used in this study providing accurate predictions of the mechanical 448 
behaviour of AA 2024-T351 under impact loading. The simulations allowed for the understanding of 449 
impact phenomena and deformation energy distribution along the aluminium plates. No significant 450 
difference in the ballistic resistance was observed between three nose shape projectiles considered. 451 
However, a relevant variation in residual velocity was noted as the impact velocity increases. The 452 
amount of kinetic energy converted into global and local energy strongly depends on the nose-shape 453 
of the projectile as revealed by numerical simulations. At low impact velocities, the global energy was 454 
higher for blunt nose shape while at high impact velocities local energy was more significant for 455 
hemispherical and conical nose shapes.  456 
In conclusion, the stress state has been demonstrated to be a key variable in determining the failure 457 
mechanisms and the FEM-SPH method has been found to be a valid way to analyze this influence in 458 
impacts events.  459 
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Appendix A. Quasi-static tests on 2024-T351 aluminium alloy 463 
In order to verify the material used in this work and prior to identify the material parameters for its 464 
mechanical modelling, quasi-static compression tests were performed. The results obtained from such 465 





Fig. A.1: Quasi-static compression test for AA 2024-T351. Comparison of the stress-strain curve 469 
obtained for the material used in this work with published data. 470 
 471 
In addition, the material parameters identified for the JC model used in this work have been compared 472 
with the ones provided by other authors, finding again a good agreement between them: 473 
A (MPa) B (MPa) n (-) 












329.3 352 6.44 431.7 440 1.88 0.36 0.42 14.2 
Fig. A.2: Quasi-static compression test for AA 2024-T351. Comparison of the stress-strain curve 474 
obtained for the material used in this work with published data. 475 
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